Droop control of converter-interfaced microsources in rural distributed generation by Majumder, Ritwik et al.
 
 
 
This is the author version published as: 
This is the author version published as: 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
  
QUT Digital Repository:  
http://eprints.qut.edu.au/ 
 
Majumder, Ritwik and Ledwich, Gerard and Ghosh, Arindam and Zare, Firuz 
(2010) Droop control of converter interfaced micro sources in rural distributed 
generation. IEEE Transactions on Power Delivery. 
           
      © Copyright 2010 IEEE 
Personal use of this material is permitted. However, permission to 
reprint/republish this material for advertising or promotional purposes or for 
creating new collective works for resale or redistribution to servers or lists, or 
to reuse any copyrighted component of this work in other works must be 
obtained from the IEEE. 
Droop Control of Converter Interfaced Micro 
Sources in Rural Distributed Generation 
 
Ritwik Majumder, Student Member, IEEE, Gerard Ledwich, Senior Member, IEEE, 
Arindam Ghosh, Fellow, IEEE, Saikat Chakrabarti Member, IEEE and Firuz Zare, Senior Member, IEEE 
 
Abstract: This paper proposes new droop control methods for 
load sharing in a rural area with distributed generation. Highly 
resistive lines, typical of rural low voltage networks, always cre-
ate a big challenge for conventional droop control. To overcome 
the conflict between higher feedback gain for better power shar-
ing and system stability in angle droop, two control methods have 
been proposed. The first method considers no communication 
among the distributed generators (DGs) and regulates the con-
verter output voltage and angle ensuring proper sharing of load 
in a system having strong coupling between real and reactive 
power due to high line resistance. The second method, based on a 
smattering of communication, modifies the reference output volt-
age angle of the DGs depending on the active and reactive power 
flow in the lines connected to point of common coupling (PCC). It 
is shown that with the second proposed control method, an eco-
nomical and minimum communication system can achieve sig-
nificant improvement in load sharing. The difference in error 
margin between proposed control schemes and a more costly 
high bandwidth communication system is small and the later may 
not be justified considering the increase in cost. The proposed 
control shows stable operation of the system for a range of oper-
ating conditions while ensuring satisfactory load sharing. 
 Index Terms: Autonomous microgrid, Angle droop, Active and 
reactive Power sharing, Resistive lines. 
 
I. INTRODUCTION 
 
N AN AUTONOMOUS microgrid, load sharing without 
communication between converters is the most desirable 
option as the network can be complex and can span over a 
large geographic area. A common approach to achieve this is 
through the use of frequency droop characteristics so that the 
parallel converters can be controlled locally to deliver desired 
real and reactive power to the system. The real and reactive 
power sharing can be achieved by controlling two independent 
quantities – the frequency and the fundamental voltage magni-
tude [1]. In case of voltage source converter (VSC) based 
DGs, the output angle can be changed instantaneously and so 
drooping the angle is a better way to share load [2]. Frequency 
regulation constraint limits the allowable range of frequency 
droop gain, which in turn, may lead to chattering during fre-
quent load changes in a microgrid. Therefore the angle droop 
is adopted in this paper, which requires signals from global 
positioning system (GPS) for angle referencing, but no com-
munication link between converters. While in [2], it is as-
sumed the lines are mainly resistive and conventional droop 
can work with real power controlled by voltage and reactive 
power by angle, in this paper a high R/X ratio is considered, 
which is common in a rural network. With a strong coupling  
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of real and reactive power, they can not be controlled inde-
pendently with either frequency or voltage and so the droop 
equations need to be modified. The real power droop coeffi-
cients can be chosen depending on the load sharing ratio. 
Moreover, the inclusion of linear quadratic regulator based 
state feedback controller makes reference following effective 
and shows a faster convergence compared to the frequency 
droop. In either of the case, frequency or angle droop, the out-
put feedback gains have impact on system stability [3-5]. 
Transient stability of a power system with a high penetration 
of power electronics interfaced distributed generation is ex-
plored in [5]. In [4], small-signal stability analysis of load 
sharing control of multiple distributed generation systems 
(DGs) in a stand-alone ac supply mode is discussed.  
Rural electrification relates to the availability of electricity 
for use by rural communities irrespective of the technologies, 
sources and forms of generation and has been the concern of 
the governments in many developing countries. However, it is 
often difficult to install extensive distribution network, espe-
cially since the customer density in the rural areas can be 
sparse. Distributed generation is one of the best available solu-
tions for such a predicament. Planning of a typical medium-
voltage rural distribution system in different loading condi-
tions is discussed in [6]. The bottom up approach through an 
evaluation of autonomous or non-autonomous modified mi-
crogrid concept to provide electricity to local residents is pro-
posed in [7].  
In the rural areas where the distribution is in low or medium 
voltage, the lines are highly resistive and the resistance may be 
high enough to challenge the power sharing controller effi-
cacy. High values of feedback gains are required to ensure 
proper load sharing, especially under weak system conditions. 
However, high gains have a negative impact on overall stabil-
ity of the system. Moreover, proper sharing of load cannot be 
ensured even with high gain if the lines are highly resistive.  
In [8], the decoupling of the real and reactive power is 
achieved for a high R/X line with frequency droop control. It 
is shown that a modifying the droop equation can accommo-
date the effect of line impedance. However, the choice of 
droop gains for rating based sharing of power is not been ad-
dressed in [8]. 
The off grid renewable connection at Anangu Solar Station 
of south Australia [9], where 220 kW power is distributed cov-
ering 10,000 square km among number of communities up to 
500 people or minigrid connection at Hermannsburg in central 
Australia [9], where three communities each with several hun-
dred household with 720 kW total power consumption are the 
example of the discussed scenario where the converter inter-
faced micro sources and loads are geographically far from 
each other in a low voltage network. 
I 
Two methods have been proposed in this paper for power 
sharing with VSC connected DGs. In first method, decentral-
ized operation of DGs without any communication is investi-
gated. A transformation matrix is derived for control parame-
ters and feedback gains taking into consideration the R-by-X 
ratios of the lines. In second method, the angle droop power 
sharing controller is modified to accommodate the highly re-
sistive line. The reference angle of each converter output volt-
age is modified based on the desired active and reactive power 
flow and the line impedances. A minimum amount of commu-
nication is needed among the DGs for the change in reference 
angle of the output voltage. We have assumed a low-cost web-
based communication system [10-12] for this purpose. 
The contribution of the paper is the development of a 
graduated set of control algorithms to deal with different lev-
els of communication infrastructure to support the microgrid 
with particular emphasis on highly resistive lines. The accu-
racy of the controllers is shown in different weak system con-
ditions where the conventional angle droop fails to share the 
power as desired due to high coupling between the real and 
reactive power. Mathematical derivations and time domain 
simulations are used to illustrate the methodologies. 
 
II. POWER SHARING WITH ANGLE DROOP AND PROPOSED 
DROOP CONTROL 
 
Notations for the line parameters and their normalized val-
ues are given below. 
XD Line reactance 
XL  Normalized line reactance 
X
 
 Normalized filter reactance 
RD Line resistance 
R Normalized line resistance 
 
To show the power sharing with angle droop, a system of 
two DGs with a load is considered as shown in Fig. 1. The 
voltages and the power flow are defined in the figure. Apply-
ing dc load flow with all the necessary assumptions [13], we 
get 
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where X1 = ωLf1/(V1V11) , XL1 = ωLD1/(V11V), X2 = ωLf2/(V2V22) 
and XL2 = ωLD2/(V22V).  
 
Fig. 1. Power sharing with angle droop. 
 
The angle droop equation of the DGs are given by 
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The ratio of the droop gains m2:m1 is chosen as the ratio of the 
rated power P1rated:P2rated, The rated droop angles are taken as 
δ1rated = m1P1rated; δ2rated = m2P2rated. Then from (2) we get 
112221 PmPm −=−δδ                    (3) 
Similarly from (1) we get 
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From (3) and (4) we get, 
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It is to be noted that the value of X1 and X2 are small com-
pared to the value of m1 and m2 when normalized to same unit. 
Hence we can write 
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From (5) we can write 
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It is evident from (6) that the droop coefficients should be in-
versely proportional to the DG rating and also the droop coef-
ficients play the dominant role in the power sharing. The error 
is further reduced by taking the output inductance (Lf1, Lf2) of 
the DGs inversely proportional to power rating of the DGs. 
The comparison between the performance of this angle droop 
and a conventional frequency droop [1] is shown in Appendix 
A. 
The simple system, shown in Fig. 1, is used to show the 
power sharing. In a real system with number of DGs and loads 
in different location line impedance will have an impact on the 
load sharing. But for a microgrid within a small geographical 
area, the line inductance will never be very high. Moreover a 
high droop coefficient will always play a dominant role and 
share the power as desired with a very small deviation. 
To control power flow explicitly from any of the DGs to the 
local bus (e.g., DG-1 and the bus with voltage V11∠δ11), an 
output inductance (e.g., Lf1) is required. This output induc-
tance enables us to decouple the real and reactive power injec-
tion. We shall use this structure for controlling power flow 
with communication (the 2nd proposed method). However, in 
the 1st proposed method, the output inductance is assumed to 
be zero. In this control method, we do not require a decoupling 
of real and reactive power as will be explained in the next sub-
section. Also this control is based on the R/X ratio of the line 
and therefore the inclusion of output inductance will require 
the knowledge of the line length. Note that the output induc-
tance can be taken as zero depending on the converter output 
filter structure, discussed in Section III. 
 
A. Proposed Controller-1 without Communication 
 
As discussed before, in the rural distribution system, at the 
medium or low voltage level the lines are mostly resistive and 
the values of the line impedances are not negligible. In that 
case (1) is not valid. In this case we have assumed that the 
DGs do not have any output inductance, in which case, Fig.1 
is redrawn as shown in Fig. 2. Here the line reactance (ωLD) 
value is chosen to be the same as line resistance value RD.  
 
Fig. 2. Power sharing in resistive-inductive line. 
 
The power flow from DG-1 for system shown in Fig.2 as 
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where ( )121211 DD XRV +=η . From the above equation, mul-
tiplying Q1 by RD1 and subtracting the product from the multi-
plication of P1 and XD1 we get 
)sin( 11111111 δδ −=− VVQRPX DD             (7) 
In a similar way, we also get 
)cos( 11112111111 δδ −−=+ VVVQXPR DD          (8) 
It is to be noted that DG-1 does not have any control over 
the load voltage magnitude and angle. Thus the linearization 
of (7) and (8) around the nominal values of V110 and δ110 re-
sults in 
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111101111 )2( VVVQXPR DD ∆−=∆+∆          (10) 
where ∆ indicates the perturbed value. From (9) and (10), the 
output voltage magnitude and angle of a DG-1 can be written 
in terms of real and reactive power as, 
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where the impedance Z1 and the matrix K(V) are given by 
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Defining pseudo real and reactive power as 
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equation (11) the control strategy can be chosen as 
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The above equation forms the basis of modified droop sharing 
where the matrix K(V) is approximated as K(1) with the as-
sumption that bus voltage is constant at 1 per unit, giving an 
error in the control gain of less than 5%. This will have no 
significant effect on the power sharing. The load bus angle δ is 
not measurable at the DG end. The chosen control (12) will 
automatically correct for changes in δ, while retaining the de-
sired decoupling property. 
The droop control equation for DG-1 is then written as 
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where the rated powers (P′1rated, Q′1rated) are also represented 
after multiplying the conversion matrix [T]. Similar transfor-
mation is also used for the rated powers of DG-2 as well. The 
droop gains of the both the DGs are also transformed by the 
matrix T and are given by as 
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where the real and reactive power droop coefficients are 
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Then droop equation (13) can be expressed as, 
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This modified angle droop control not only ensures decoup-
ling of the real and reactive power in a high R/X line, but also 
provide a rating based power sharing. The control of the out-
put angle results in a much lower frequency deviation com-
pared to frequency droop as shown in Appendix A. 
 
B. Proposed Controller-2 with Minimum Communication 
 
In this sub-section, a droop control is proposed that requires 
minimal communication. The system of Fig. 1 is considered 
here and the DGs are connected to the microgrid with their 
output inductances. 
For small angle difference between the DGs and their re-
spective local buses shown in Fig. 1, the power flow equations 
of the DGs are given by 
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Both the active and reactive power flow in a highly resistive 
line are determined by angle difference in the terminal volt-
ages. The power flow equations over the line for small angle 
differences can be written as 
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where R1= RD1/(V11V), R2 = RD2/(V22V), XL1 = ωLD1/(V11V) and 
XL2 = ωLD2/(V22V). 
From (17) and (18) we get, 
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The difference between δ1 and δ2 is derived from (19) as 
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Again from (2) we get, 
( )
( )rated
ratedratedrated
PPm
PPm
222
1112121
−×+
−×−−=− δδδδ
     (21) 
Since the ratio of the droop gains m2:m1 is chosen as the ratio 
of the rated power P1rated:P2rated, from the above equation we 
get 
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Equating (20) and (22) we get, 
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The rated values of the converter output voltage angles are 
selected with active and reactive power output of the converter 
as 
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Substituting these values in (23), we get 
rated
rated
P
P
m
m
P
PPmPm
2
1
1
2
2
1
2211 ==⇒=         (24) 
It can be seen that the power sharing of the DGs are propor-
tional to their rating. This control technique shown with above 
simple example can be extended to multiple DG system. This 
is discussed below. 
 
C. Multiple DG System 
 
Fig. 3 shows a multiple DG system where three DGs are 
connected at different location of the microgrid. The four 
loads that are connected to the microgrid are shown as 
Load_1, Load_2, Load_3 and Load_4. The real and reactive 
power supply from the DGs are denoted by Pi, Qi, i = 1,…,3. 
The real and reactive power flow for different line sections 
and load demand are shown in Fig. 3. The line impedances are 
denoted as ZDi (= RDi + jXDi), i = 1,…,6. Each of the DG con-
trollers needs to measure its local quantities only and hence, 
the real and reactive power flow measurements into and out of 
the DG local bus are required. It is to be noted all the line im-
pedances and loads are assumed to be lumped. 
From the power output of DG-3 we can write, 
RLRL PXQRPX 36363343 +−=− δδ          (25) 
where R6= RD6/(V33VL4) and XL6= XD6/(V33VL4). Similarly from 
the DG-2 power output we can write, 
RLRL PXQRPX 24242232 +−=−δδ         (26) 
The angle difference between the loads can be represented 
as, 
RLRLLLLL PXQRPXQR 3636353543 +−+−=− δδ    (27) 
From (26) and (27) we get, 
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Similarly the power output of DG-1 can be expressed as, 
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It is to be noted that in (28) and (29), all the active and reac-
tive power quantities, except the first term, are not locally 
measureable. The angle difference shown in (27) can be 
measured by DG-3 and then communicated to DG-2 and DG-
1. As these quantities only modify the reference angle to en-
sure better load sharing, updates can be done using longer 
sample rates and a much slower communication process can 
achieve that. Furthermore, the first term in (28) and (29) indi-
cates the primary output feedback loop that is based on the 
locally measurable power output of the DG. This control ac-
tion is instantaneous and ensures initial load sharing among 
the DGs. We can write (29) as 
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Fig. 3. Multiple DG connected to microgrid. 
The longer updates can be made using a web based communi-
cation [11] that is discussed below. 
It is to be noted that in this proposed method, there is a re-
quirement of site specific tuning of the parameters for the ref-
erence angle generation. This tuning is required to improve the 
performance of the site independent decentralized control of 
Controller-1. 
 
D. Web Based Communication 
 
The web based measurement system is shown in Fig. 4. The 
real and reactive power (P and Q) measured at each DG unit is 
communicated to a dedicated website or company intranet 
with the help of a modem. Assuming that the PQ measurement 
units are already installed at each DG location, the equipment 
needed for each DG unit are a computer to collect the meas-
urements from local and remote units, and a modem to trans-
mit the measurements to the dedicated website, or to 
download remote measurements from it. Fig. 4 (a) shows the 
web connection of all the DGs, while the communication in 
each DG is shown in Fig. 4 (b). The power monitoring unit 
sends the real and reactive power measurement to the com-
puter to calculate δ11 as shown in (31). The other angle com-
ponent δ12 and δ13 are received by the modem and communi-
cated to the DG control unit through the computer. As men-
tioned before the main load sharing term δ1p in (30) is based 
on local measurement and so even in case of communication 
failure, a rough load sharing is ensured among the DGs. As the 
DGs are interfaced through converters, the structure and con-
trol of the converters are very important for the power sharing. 
They are discussed in the next section. 
 
(a) 
 
(b) 
Fig. 4 (a) Web based PQ monitoring scheme and (b) web based communica-
tion for DG-1. 
 
III. CONVERTER STRUCTURE AND CONTROL 
 
All the DGs are assumed to be an ideal dc voltage source sup-
plying a voltage of Vdc to the VSC. The structure of the VSC is 
shown in Fig. 5. The VSC contains three H-bridges that are 
supplied from the common dc bus. The outputs of the H-
bridges are connected to three single-phase transformers that 
are connected in wye for required isolation and voltage boost-
ing [14]. The resistance RT represents the switching and trans-
former losses, while the inductance LT represents the leakage 
reactance of the transformers. The filter capacitor Cf is con-
nected to the output of the transformers to bypass the switch-
ing harmonics, while Lf represents the output inductance of the 
DG source. 
 
Fig. 5. Converter structure. 
 
A. Converter Control 
 
The equivalent circuit of one phase of the converter is shown 
in Fig. 6. In this, u⋅Vdc represents the converter output voltage, 
where u is the switching function and is given by u = ± 1. The 
main aim of the converter control is to generate u. From the 
circuit of Fig. 6, the following state vector is chosen 
[ ]cfT viiz 21=                  (32) 
 
Fig. 6. Single-phase equivalent circuit of VSC. 
 
Then the state space equation of the system can be written as  
iic CvBuAzz ++=&                (33) 
where uc is the continuous time approximation of the switch-
ing function u. and 
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The main aim of the converter control is to generate uc from 
a suitable state feedback control law such that the output volt-
age and currents are tracked properly according to their refer-
ences. It is easy to generate references for the output voltage 
vcf and current i2 from power flow condition. However, the 
same cannot be said about the reference for the current i1. On 
the other hand, once the reference for vcf is obtained, it is easy 
to calculate a reference for the current ic through the filter ca-
pacitor (see Fig. 6). 
To facilitate this, we define a new set of state vectors as 
[ ]cfcT viix 2=                 (34) 
We then have the following state transformation matrix 
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The transformed state space equation is then given by combin-
ing (33) and (35) as 
iipcppp CvCBuCxACCx ++=
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&
          (36) 
If the system of (36) is sampled with a sampling time of ∆T, 
then its discrete-time description can be written in the form 
( ) ( ) ( ) ( )kHvkGukFxkx iic ++=+1          (37) 
To control the converter, we shall employ a discrete time line 
quadratic regulator which has the form 
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where xref is the reference vector and K is the feedback gain 
matrix obtained using discrete time linear quadratic regulator 
(LQR) with a state weighting matrix of Q and a control pen-
alty of r. From uc(k), the switching function is generated as 
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           (39) 
where h is a small number. The above control action results in 
fairly accurate tracking [15]. This control strategy is applied to 
all the DGs, when operating with the web based communica-
tion of Section II.B. 
The control law discussed so far is for the system in which 
the DGs have an output inductor. It can be seen from Fig. 5 
that this implies the converter output stage has LCL (or T) 
filter structure. Alternatively, when the DGs do not have an 
output inductance, the inductance Lfi is removed and the out-
put filter is a simple LC filter. The system states are then 
modified as 
[ ]cfcfT vix =                  (40) 
However the state space is similar to (32) and the control law 
(38) and switching logic (39) remain the same. This control 
strategy is applied to all the DGs, when operating without any 
communication of Section II.A. 
It is assumed the total power demand in the microgrid can 
be supplied by the DGs and no load shedding is required. The 
output voltages of the converters are controlled to share this 
load proportional to the rating of the DGs as discussed in dif-
ferent droop control methods. 
 
B. DG Reference Generation 
 
It is evident from (34) and (38) that references for all the 
elements of the states are required for state feedback. Since V 
and δ are obtained from the droop equation, the reference for 
the capacitor voltage and current are given by 
( )δω += tVvcfref sin               (41) 
( )°++= 90sin δωω tCVi fcfref           (42) 
For the LCL filter, the reference for the current i2 can be cal-
culated as 
( )refrefref tIi 222 sin δω +=             (43) 
From Fig. 5, it can be seen that 
( )PQ
V
QP
I ref
cf
ref /tanand
1
2
22
2
−
−=
+
= δδ  
 
TABLE-I: NOMINAL SYSTEM PARAMETERS 
System Quantities Values 
Systems frequency 50 Hz 
Feeder impedance 
ZD1 
ZD2 
ZD3 
ZD4 
ZD5 
 
1.0 + j 1.0 Ω 
0.4 + j 0.4 Ω 
0.5 + j 0.5 Ω 
0.4 + j 0.4 Ω 
0.4 + j 0.4 Ω 
Load ratings 
Load1 
Load2 
Load3  
Load4 
 
13.3 kW and 7.75 kVAr 
11.2 kW and 6.60 kVAr 
27.0 kW and 7.0 kVAr 
23.2 kW and 6.1 kVAr 
DG ratings (nominal) 
DG-1 
DG-2 
DG-3 
 
30 kW 
20 kW 
20 kW 
Output inductances 
L1  
L2  
L3   
 
0.75 mH 
1.125mH 
1.125mH 
DGs and VSCs 
DC voltages (Vdc1 to Vdc4) 
Transformer rating 
 
VSC losses (Rf) 
Filter capacitance (Cf) 
Hysteresis constant (h) 
 
0.220 kV 
0.220 kV/0.440 kV, 0.5 MVA, 
2.5% (Lf) 
1.5 Ω 
50 µF 
10-5 
Droop Coefficients 
Angle-Real Power  
m1 
m2 
m3 
 
Voltage−Reactive Power 
n1 
n2 
n3 
 
 
7.5 rad/MW 
11.25 rad/MW 
11.25 rad/MW 
 
 
0.001 kV/MVAr 
0.0015 kV/MVAr 
0.0015 kV/MVAr 
 
IV. SIMULATION STUDIES 
 
Simulation studies are carried out in PSCAD/EMTDC (ver-
sion 4.2). Different configurations of load and power sharing 
of the DGs are considered. To consider the web based com-
munication, a delay of 5 ms is incorporated in the control sig-
nals which are not locally measureable. Since a single meas-
urement is taken per each main cycle, a 100 byte/s communi-
cation is needed. This is a very low speed communication 
compared to any of the high bandwidth communication. The 
system parameters are shown in Table-I. For clarity, the nu-
merical values of power sharing ratios obtained from all the 
simulation are given in Table-II. 
 
Case 1: Load_3 and Load_4 Connected to Microgrid 
 
In this case, all the three DGs are connected to the micro-
grid and supplying only Load_3 and Load_4. While the sys-
tem in steady state, Load_3 is disconnected at 0.5 s. Fig. 7 (a) 
shows the power output of the DGs and Fig. 7 (b) shows the 
power sharing ratios with conventional angle controller given 
by (2). In Fig. 7 (b), Pratio-ij indicates Pi:Pj. It can be seen that 
due to high line impedance, the power sharing of the DGs are 
not as desired (see Table-II). Fig. 8 shows the system response 
with proposed Controller-1 discussed in Section II.A. The 
error in power sharing is reduced. Fig. 9 shows the system 
response with proposed Controller-2. The power sharing ratio 
of the DGs are much closer to the desired sharing and the sys-
tem reaches steady state within 4-5 cycles as in the case with 
the conventional controller. 
The results of this case with a conventional frequency droop 
controller are discussed in Appendix B. 
 
Fig. 7. Power sharing with conventional controller (Case 1). 
 
Fig. 8. Power sharing with Controller-1 (Case 1). 
 
Fig. 9.Power sharing with Controller-2 (Case 1). 
 
Case 2: DG-1 and DG-3 supply Load_1 and Load_2 
 
It is assumed that only two DG, DG-1 and DG-3 are con-
nected to the microgrid and they are supplying Load_1 and 
Load_2. The system response shown in Fig 10 is with the con-
ventional controller (2). Load_2 is disconnected at 0.5s and 
the two DGs, connected at the two ends of the microgrid sup-
ply only Load_1. Figs. 11 and 12 show the response with the 
proposed controllers. It can be seen that a closer to desired 
power sharing is achieved with these controllers. High line 
impedance (and high R/X ratio) between the DGs and load 
makes the power sharing difficult and the power sharing with 
conventional controller shown in Fig. 10 is not acceptable. 
 
Fig. 10. Power sharing with conventional controller (Case 2). 
 
Fig. 11. Power sharing with Controller-1 (Case 2). 
 Fig. 12. Power sharing with Controller-2 (Case 2). 
 
Case 3: Induction Motor Loads 
 
To investigate the system response with induction motors 
connected to the microgrid, a 30 hp motor is connected as 
Load_3, while Load_4 constitutes a 50 hp motor. With the 
system running in steady state, DG-2 is disconnected at 0.25s. 
The simulation results are shown in Figs. 13 to 15 for the con-
ventional controller and the two proposed controllers. After 
DG-2 is disconnected, DG-1 and DG-3 supply the total power 
demand and it can be seen that system takes around 0.3 s to 
reach the steady state. Due to the high impedance of the line, 
conventional angle controller fails to share the power as de-
sired (error is almost 20%). Controller-1 reduces the error to 
some extent but not able to share as desired (Fig. 14 (b)). 
However, Controller- 2 is able to share the induction machine 
load almost in the desired ratio (error is less than 2%). 
 
Fig. 13. Power sharing with conventional controller (Case 3). 
 
Case 4: Load Sharing with Advanced Communication System 
 
In this section it is assumed that the system has advanced 
high bandwidth communication among all the DGs and loads 
and all the control parameters are measurable without any sig-
nificant time delay. With the same induction motor load as in 
Case 3, the simulations are carried out considering all the 
measured variables are accessible to all the DGs. In this case, 
the droop sharing becomes redundant. Fig. 16 shows the sys-
tem response. It can be seen that an accurate power sharing is 
achieved. The error is less than 0.5%. However the cost in-
volved in a high bandwidth communication is much larger 
compared to the proposed no-communication or web based 
minimum communication control. From this perspective, ei-
ther Controller-1 or Controller-2 can provide an acceptable 
power sharing in a rural area with potentially a much lower 
cost. 
 
Fig. 14. Power sharing with Controller-1 (Case 3). 
 
Fig. 15. Power sharing with Controller-2 (Case 3). 
 
Fig. 16. Power sharing with high bandwidth communication (Case 4). 
 
Fig. 17 shows the mean percentage error in the different 
control techniques for the cases discussed above. The operat-
ing cases were chosen for weak system conditions, where the 
micro sources and loads are not symmetrically distributed 
through out the network. These results in high values of power 
sharing error but it can be seen that with the proposed control 
methods, the error can be reduced significantly. While the first 
proposed method (Controller-1) can reduce the error below 
10%, the web based minimum communication method (Con-
troller-2) has an error around 3.5%. Though the error in case 
with an advanced communication system is much lower, the 
cost involved is likely to be high. 
The decentralized droop sharing control has also been stud-
ied when the loads are voltage and frequency dependent. The 
results are discussed in Appendix C. 
 
V. CONCLUSIONS 
 
Load sharing in an autonomous microgrid through angle 
droop control is investigated in this paper with special empha-
sis on highly resistive lines. Two control methods are pro-
posed. The first method proposes power sharing without any 
communication between the DGs. The feedback quantities and 
the gain matrixes are transformed with a transformation matrix 
based on the line resistance-reactance ratio. The second 
method is with minimum communication based output feed-
back controller. The converter output voltage angle reference 
is modified based on the active and reactive power flow in the 
line connected at PCC. It is shown that a more economical and 
proper power sharing solution is possible with the web based 
communication of the power flow quantities. In many scenar-
ios, the difference in error margin between proposed control 
schemes and a costly high bandwidth based communication 
system does not justify considering the increase in cost. This 
paper proposes and demonstrates low cost control methods to 
ensure acceptable power sharing in a weak system condition 
and highly resistive network for rural distribution networks. 
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Fig. 17. Error in power sharing with different control techniques 
 
TABLE-II: SIMULATION RESULTS 
Power Sharing Ratio Controller 
P1 /P2 P1 /P3 P2 /P3 
C 
a 
s 
e 
 Ini-
tial 
Final Ini-
tial 
Final Ini-
tial 
Final 
Desired Values 1.5 1.5 1.5 1.5 1.0 1.0 
Conventional 1.32 1.3 1.22 1.2 0.62 0.59 
Controller-1 1.39 1.41 1.31 1.37 0.71 0.72 
1 
Controller-2 1.59 1.6 1.53 1.54 1.02 1.03 
Desired Values 
− − 
1.5 1.5 
− − 
Conventional 
− − 
1.60 1.69 
− − 
Controller-1 
− − 
1.55 1.58 
− − 
2 
Controller-2 
− − 
1.48 1.46 
− − 
Desired Values 
− − 
1.5 1.5 1.0 0.0 3 
& Conventional 
− − 
1.22 1.25 0.97 0.0 
Controller-1 
− − 
1.39 1.42 1.10 0.0 
Controller-2 
− − 
1.52 1.51 1.02 0.0 
4 
Full comm 
− − 
1.51 1.51 0.99 0.0 
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APPENDIX-A 
 
In this appendix, the comparison between the angle and fre-
quency droop [1] is presented. The simple system, as shown in 
Fig. 1, is considered. The output impedances of the two 
sources are chosen in a ratio of 1:1.33 and the power rating of 
the DGs are also chosen in the ratio of 1.33:1. To investigate 
the frequency deviation, the load conductance is chosen as the 
integral of a Gaussian white noise source with zero mean and 
standard deviation of 0.01 Mho. The controllers are designed 
ensuring same stability margin. The DG-1 power output and 
the operating frequency are shown in Fig. 18. It can be seen 
that the frequency deviation with frequency droop is much 
large than that with the angle droop. Since the output voltages 
in the two cases are chosen to be same (1 kV) and the output 
power shown in Fig. 18 is also similar, there is no difference 
in the converter requirements for the two droop controllers. 
 
Fig. 18. Frequency droop and angle droop 
 
APPENDIX -B 
 
The performance of the conventional frequency droop con-
troller for the high R/X system of Case 1 is shown in Fig. 19. 
It can be seen, as is in the case of the conventional angle droop 
performance seen in Fig. 7, the power sharing with this fre-
quency droop is far from desired. 
 
Fig. 19. Power sharing with frequency droop Case 1. 
 
APPENDIX -C 
 
To investigate the angle control performance with a fre-
quency (F) and voltage (V) dependent load, a system as shown 
in Fig. 1 is chosen with a load perturbation as mentioned in 
Appendix B. The dependent load characteristic [16] is given 
by 
( )dFK
V
VPP PF
NP
+





= 1
0
0              (A.1) 
where NP (0.95) and KPF (2.0) are the voltage and frequency 
dependent coefficients. The system is initially running with a 
continuous varying impedance load. Then the dependent load 
described by (A.1) is connected at 0.4s. The power sharing is 
shown in Fig. 20 (a). The system frequency and the power 
demand from the frequency dependent load is shown in Fig. 
20 (b-c). It can be seen that the power sharing is as desired. 
However the droop gains may need to be reduced as the fre-
quency dependence of the loads can be destabilizing. 
 
Fig. 20. Frequency dependent load 
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